In bacteriophage T4 the protein product of gene 43 (gp43) is a multifunctional DNA polymerase that is essential for replication of the phage genome. The protein harbors DNA-binding, deoxyribonucleotide-binding, DNAsynthesizing (polymerase) and 3'-exonucleolytic (editing) activities as well as a capacity to interact with several other T4-induced replication enzymes. In addition, the T4 gp43 is a repressor of its own synthesis in vivo. We show here that this protein is an autogenous repressor of translation, and we have localized its RNA-binding sequence (translational operator) to the translation initiation domain of gene 43 mRNA. This mechanism for regulation of T4 DNA polymerase expression underscores the ubiquity of translational repression in the control of T4 DNA replication. Many T4 DNA polymerase accessory proteins and nucleotide biosynthesis enzymes are regulated by the phage-induced translational repressor regA, while the T4 single-stranded DNA-binding protein (T4 gp32) is, like gp43, autogenously regulated at the translational level.
In bacteriophage T4, gene 43 is the structural gene for DNA polymerase (1, 2) . This phage-induced enzyme is a multifunctional 105-kDa (896-amino acid) protein that is essential for phage DNA replication (see ref. 3 for discussion and references). It possesses two enzymatic activities, the DNAsynthesizing activity (polymerase) and a 3'-exonucleolytic activity that is particularly effective against single-stranded DNA (4) . Together, these two activities are the major determinants of accuracy in DNA copying during replication (5) . The gene 43 protein (gp43) functions in concert with several other essential phage-induced DNA replication proteins, some of which are known to interact directly with the gp43 and to affect its enzymatic activities and its role in control of fidelity (6, 7) .
In addition to its known enzymatic functions in DNA replication, T4 gp43 regulates its own synthesis in vivo (8) . Conditional lethal missense and nonsense mutants of T4 gene 43 overproduce their defective polypeptides when they are grown under nonpermissive conditions in Escherichia coli hosts. Some overproduce gp43 when grown under permissive conditions as well. The biological significance of this autogenous regulation and the level at which it occurs are not known, although it has been suggested that the T4 DNA polymerase is a repressor of its own transcription (9, 10) . Such a mode of regulation would be consistent with the known DNA-binding properties of this protein; however, we -have discovered that T4 DNA polymerase regulates its own translation rather than its own transcription. This report describes our findings, which include a demonstration that gp43 binds to a specific nucleotide sequence within the translation initiation domain of the mRNA. The ability of gp43 to bind a specific RNA target as well as DNA is reminiscent of another T4-induced DNA replication protein, the product of gene 32 (gp32, single-stranded DNA-binding protein), which is also an autogenous translational repressor. In addition, several other T4 replication enzymes are regulated by translational repression via the action of the T4 regA protein (11) . Translational repression is thus a major mechanism for the control ofT4 DNA replication in infected E. coli hosts.
MATERIALS AND METHODS Bacteria, Phage, and Plasmids. E. coli B-strain NapIV (12) was used as the host for plasmids and T4 phage infections. The T4 gene 43-gene 44 double mutants 43amE4311-44amN82, 43amE4301-44amN82, and 43amB263-44N82 were constructed by standard phage crosses and their genotypes were verified by recombination and by gel electrophoresis as described (13, 14) . In nonpermissive hosts (e.g., NapIV), all known T4 gene 43 nonsense mutants overproduce their mutant polypeptides 10-to 15-fold. The recombinant plasmids used are described in Results.
The methods used for measuring phage and plasmid gene expression in vivo have been described (14, 15) . The RNA purification methods have also been described (16, 17) .
In Vitro Repression Assays. The cell-free S30 extracts from E. coli MRE600 and reagents used for in vitro translations were prepared as described by Pratt (18) . Purified T4 DNA polymerase ( (17) .
RNase Protection Assays. The RNA used for footprinting the binding site of T4 DNA polymerase was purified as described (19) (17, 19) .
RESULTS
Autogenous Repression of T4 DNA Polymerase Synthesis in Vivo. The results shown in Fig. 1 confirm the observations initially made by Russel (8) (17) , and (ii) S1 nuclease mapping assays with RNA probes that measured the levels of gene 43 RNA relative to RNA products of the T4 regA gene, which is known to be regulated independently of T4 gene 43 (21) (22) (23) . Some results are shown in Fig. 2 . Whereas mutant gene 43 protein was overproduced 6-to 10-fold relative to wild-type gp43 in such infections ( Fig. 1; unpublished  results) , the levels of gene 43 mRNA were not similarly affected. In Fig. 2 43-T4 infections. In the S1 nuclease mapping assays described in Fig. 2 T4 genomic segment for which the analyses were carried out. The direction of transcription for this region in T4 infections is from right to left. The autoradiograms show the results of RNA quantitations by S1 nuclease analysis of RNA-RNA hybrids (S1 Mapping) and 5'-end mapping by oligodeoxynucleotide primer extension with avian myeloblastosis virus RVT (RVT Mapping). The sizes and polarities of the RNA probes used for S1 nuclease mapping and the location of the primer used for RVT mapping are shown. The RNA used for S1 nuclease mapping was from infections with T4 43amE4311-44amN82 (lane E4311), T4 43amE4301-44amN82 (lane E4301), and T4 44amN82 (lane 43+), respectively (see Fig. 1 ). RNA for RVT mapping was from infections with T4 43amB263-44amN82 (lanes 43-) and 44amN82 (lanes 43 +). The dideoxynucleotide used in each RVT reaction is indicated below each lane. The control (lane C) in the S1 nuclease mapping experiment was an S1 nuclease-digested RNA-RNA hybrid that was prepared by hybridizing the two complementary in vitro transcriptional products (S1 nuclease RNA probes) of the DNA cloned between the SP6 and T7 promoters of the pGEM4 RNA probe vector-i.e., it represents the size of full-length protected RNA spanning the region of interest. Hybridizations to T4-induced RNA utilized the S1 nuclease RNA probe (-a). Lane Fig. 3 , was placed in E. coli NapIV and used to produce a polycistronic mRNA capable of synthesizing T4 gpregA and an amino-terminal T4 gp43 fragment (gp43EM in Fig. 3) . Identity of the pEM104-generated polycistronic RNA was verified by RNA-RNA hybridization and primer-extension assays similar to those described in Fig. 2 (data not shown) . The purified RNA was used with cell-free extracts from E. coli (S-30 system) in translation assays that measured the effects of added purified wild-type T4 DNA polymerase on in vitro production of the two pEM104-encoded T4 proteins. As shown in Fig. 3 , the added enzyme inhibited gp43EM synthesis and did not affect gpregA synthesis from the plasmid-generated polycistronic mRNA. In vitro expression from this RNA was insensitive to inhibitors of transcription (results not shown), indicating that DNA contamination was not a factor in the observed effects. These results suggest that T4 DNA polymerase is a repressor of its own translation and that it binds to an mRNA site distal to the regA control region, since regA expression is not affected by T4 DNA polymerase either in vivo (21) (22) (23) or in vitro (Fig. 3) . Location and Nucleotide Sequence of the mRNA Site for Autogenous Translational Repression by T4 DNA Polymerase. We used RNase protection (RNA footprinting) assays (25, 26) to localize the sites of gp43 binding on pEM104-generated RNA (Fig. 4) . In these experiments, purified wild-type T4 DNA polymerase (at 1 ,uM) was incubated with the RNA in a binding buffer and the mixture was treated with either pancreatic RNase (which cleaves between U and A and between C and A residues) or with RNase T1 (which cleaves between G and N residues). After the RNase treatments, the nucleic acids were purified and sequenced by the RVTcatalyzed primer-extension technique (refs. 17 and 19; Fig.  2 ). Cleavages by the RNases were detected as interruptions in the nucleotide sequence as visualized on autoradiograms of sequencing gels. As shown in Fig. 4 , each RNase generated its own characteristic cleavage pattern and the addition of T4 DNA polymerase strongly protected specific residues, all of which were located upstream of the initiator AUG for the gene 43 message. These footprint patterns were reproduced with concentrations of T4 DNA polymerase as low as 0.1 AtM (data not shown). Some RNase Ti-resistant residues were observed in incubations with and without T4 polymerase, suggesting the existence of a secondary structure in the leader segment of gene 43 mRNA. Similar conclusions were derived from results with RNase T2 and dimethyl sulfate treatments, and identical results were obtained with RNA purified from phage-infected cells (data not shown). Also, other assays showed that added T4 DNA polymerase does not protect any part of the regA ribosome-binding domain in the same RNA preparations. We conclude that T4 DNA polymerase inhibits its own synthesis by specifically binding to its own mRNA in the translation initiation region. (Fig. 2 ). In addition, purified DNA polymerase differentially represses gene 43 mRNA translation in vitro (Fig. 3 ) and binds to this mRNA at a site within the ribosome-binding region (Fig. 4) , two important characteristics of the beststudied translational repressors (27) . By these criteria, gene 43 protein regulates its own synthesis translationally, as deemed plausible by Russel (8) when she discovered this regulatory system. Two papers published after Russel's work assert that gene 43 autogenous regulation is transcriptional (9, 10) . In fact, those published results show that gene 43 mRNA is unstable but do not address directly the regulatory mechanism. In addition, the mutant infections used to conclude that regulation is transcriptional were not paired so as to isolate the derepression of gene 43 expression from alterations of either DNA synthesis or general transcription (9, 10) . The infections used here (Fig. 2) (17, 24, 26, 28, 29, (31) (32) (33) . The correct sequence (5'-UUAACGAAGGGQCUUCGG-3') contains the two additional underlined Gs and increases the size of the intercistronic RNA hairpin from a 3-base-pair helix to one of at least 7 base pairs, which is closer to the average size of the many other CUUCGG hairpins found in T4 (29) . In addition to clarifying transcriptional termination events that occur 3' to this very stable hairpin (T.H., unpublished results), the new sequence also reveals a mot promoter box that contains only 5 of the 9 bases seen in the motA consensus sequence
DISCUSSION
Biochemistry: Andrake et al. (17) . This may explain why transcripts from this promoter constitute only a minor fraction of the total gene 43 mRNA (17) .
Our findings underscore the widespread use by bacteriophage T4 of posttranscriptional regulation of specific gene expression. In addition to DNA polymerase, two T4-induced translational repressors have been described: the regA protein, which is a translational repressor that acts on many target mRNAs, including its own transcript (26) and the single-stranded DNA-binding protein encoded by gene 32, which represses only its own translation (34) . Also, at least four T4-encoded mRNAs contain interruptions that are likely to be targets for posttranscriptional regulation: gene 60, which encodes a subunit of the T4 topoisomerase (35), contains an "intron" that is simply skipped by the elongating ribosome (36) , while three other early T4 genes have group I introns that are removed before translation (37) . In addition, T4 encodes an endonuclease that inactivates several mRNAs by cleavage within the ribosome-binding site (E. Brody, personal communication; J. Ruckman, personal communication). These various posttranscriptional regulatory loops have not been integrated into a coherent physiological picture; however, we imagine that large lytic phages make "burst size" decisions that are analogous to the lysogeny/ lytic decision made by A (38) and that posttranscriptional regulation of gene expression in prokaryotes must offer some unknown advantages over regulation of mRNA synthesis.
We conclude with a speculation. A protein that binds to an RNA target sequence is likely to bind to the same site on DNA (39) . For example, ribosomes are able to locate translation initiation regions on single-stranded DNA (34, (40) (41) (42) , and a single-stranded DNA copy of a tRNA molecule can be recognized by a tRNA synthetase (B. Roe, personal communication). Also, fd gene V protein binds to an mRNA operator (43) ; the same sequence in DNA is near the fd replication origin and has been postulated (44) to be the binding site for the gene V protein, which is involved in the switch from double-stranded to single-stranded DNA synthesis. Since gene 43 autogeny involves recognition of a specific mRNA target, the same sequence in DNA may be used as a preferred entry site for DNA polymerase (and, subsequently, its associated replication proteins). Although this region has not been mapped as an origin for T4 DNA replication (45) , it exhibits several features that are consistent with models for the assembly of prokaryotic "primosomes" and "replisomes" (31, 46, 47) . Cooperation between the T4 motA protein, E. coli host RNA polymerase, T4 DNA polymerase and the other T4 replication proteins, and even endonucleolytically processed mRNA may allow the region of T4 DNA between regA and 43 to serve as a target for the assembly of the T4 replication complex.
